Outbreaks of severe diarrhea in neonatal piglets in Guangdong, China in 2017 resulted in 23 isolation and discovery of a novel swine enteric alphacoronavirus (SeACoV) derived from the 24 species Rhinolophus bat coronavirus HKU2 (Vet Microbiol, 2017, 211:15-21). SeACoV was 25 later referred to as swine acute diarrhea syndrome (SADS) CoV by another group (Nature, 2018, 26 556:255-258). The present study was set up to investigate potential species barriers of 27 SADS-CoV in vitro and in vivo. We first demonstrated that SADS-CoV possesses a broad 28 species tropism and is able to infect cell lines from diverse species including bats, mice, rats, 29 gerbils, hamsters, pigs, chickens, nonhuman primates and humans. Trypsin contributes to, but is 30 not essential for SADS-CoV propagation in vitro. Furthermore, C57BL/6J mice were inoculated 31 with the virus via oral or intraperitoneal routes. Although the mice exhibited only subclinical 32 infection, they supported viral replication and prolonged infection in the spleen. SADS-CoV 33 nonstructural proteins and double-stranded RNA were detected in splenocytes of the marginal 34 zone on the edge of lymphatic follicles, indicating active replication of SADS-CoV in the mouse 35 model. We identified that splenic dendritic cells (DCs) are the major targets of virus infection by 36 immunofluorescence and flow cytometry approaches. Finally, we demonstrated that SADS-CoV 37 does not utilize known CoV receptors for cellular entry. The ability of SADS-CoV to replicate in 38 various cells lines from a broad range of species and the unexpected tropism for murine DCs 39 provide important insights into the biology of this bat-origin CoV, highlighting its possible 40 ability to cross interspecies barriers. 41 42 on October 7, 2019 at BIOLOGIBIBLIOTEKET http://jvi.asm.org/ Downloaded from 3 IMPORTANCE 43 Infections with bat-origin CoVs (SARS-CoV and MERS-CoV) have caused severe illness 44 in humans after "host jump" events. Recently, a novel bat-HKU2-like CoV named swine acute 45 diarrhea syndrome CoV (SADS-CoV) has emerged in southern China, causing a lethal diarrhea 46 in newborn piglets. It is important to assess the species barriers of SADS-CoV infection since the 47 animal hosts (other than pigs and bats) and zoonotic potential are still unknown. An in vitro 48 susceptibility study revealed a broad species tropism of SADS-CoV, including various rodent 49 and human cell lines. We established a mouse model of SADS-CoV infection, identifying its 50 active replication in splenic dendritic cells, which suggests that SADS-CoV has the potential to 51 infect rodents. These findings highlight the potential cross-species transmissibility of SADS-CoV, 52 though further surveillance in other animal populations is needed to fully understand the ecology 53 of this bat-HKU2-origin CoV. 54 55
INTRODUCTION 5 commercial pigs that was isolated was finally identified as a new porcine CoV belonging to the 80 species Rhinolophus bat coronavirus HKU2 (11) (12) (13) . Our research group tentatively designated 81 this newly emerged virus as swine enteric alphacoronavirus (SeACoV) (11), and it was later 82 named swine acute diarrhea syndrome (SADS)-CoV by Zhou et al. (14) . It is also known by 83 other names, such as porcine enteric alphacoronavirus (PEAV) (13) . For purposes of unity, 84 SADS-CoV is the name used to refer to this new virus in the current study. The expanded host 85 range of bat-origin HKU2 to pigs indicates that bats play an important role in the ecology and 86 evolution of SADS-CoV, though the mechanism of bat-to-swine transmission remains unclear. 87 In view of the damage caused by SARS and MERS for both animal and public health, careful 88 attention must be paid to the prevalence of CoV-associated disease among humans and domestic 89 animals (15). 90 Therefore, there is an urgent need for more information on the details of SADS-CoV 91 infection. It is critically important to assess potential species barriers of SADS-CoV transmission 92 since the animal hosts (other than pigs and bats) and zoonotic potential are still unknown. In the 93 present study, we demonstrated that SADS-CoV possesses a very broad species tropism in vitro 94 and is able to infect cell lines from diverse species including rodents and humans. Furthermore, 95 in vivo evidence from experimental infection of mice with SADS-CoV identified splenic 96 dendritic cells (DCs) as the major site of SADS-CoV replication in mice. Finally, we 97 demonstrated that SADS-CoV does not utilize known CoV protein receptors for cellular entry. 98 These results present the possibility that rodents are among the susceptible hosts of SADS-CoV, 99 highlighting the potential cross-species transmissibility of SADS-CoV. 37 °C, 5% CO 2 , and water-saturated humidity conditions. 122 To determine viral susceptibility, each cell line was cultured at 70% confluence in 12-well 123 plates with maintenance medium (MM) containing DMEM, 0.3% tryptose phosphate broth 124 (TPB), and 1% penicillin/streptomycin, or MM with addition of 5 μg/ml trypsin (MMT) (Sigma, 125 Cat#T7186-50TAB, St Louis, MO, USA). After washing with phosphate buffered saline (PBS), 126 cells were inoculated with SADS-CoV diluted in MM or MMT at an MOI of 0.01 for 2 h. 127 Non-attached viruses were removed by washing the cells three times with DMEM, and cell 128 monolayers were subsequently incubated in MM or MMT at 37 °C for 5 days. To determine the 129 effect of trypsin on viral entry, cell monolayers were infected by SADS-CoV in three conditions: China). The optimal dilution of antigen was determined by square titration. The IgG antibodies 175 contained in serum at a 1:100 dilution were detected in wells coated with purified SADS-CoV 176 virus particles (6.25 ng/well) as antigen.
177
Histopathology, immunohistochemistry and immunofluorescence assay for murine 178 spleen. Mice were infected i.p. with SADS-CoV and at 3 dpi, spleens were harvested and fixed 10 For antigen retrieval, deparaffinized and rehydrated sections were immersed in sodium 185 citrate antigen retrieval solution (pH 6.0) and maintained at a sub-boiling temperature for 8 min, 186 let stand at 98 °C for 8 min and then incubated again at sub-boiling temperature for 7 min. After 187 allowing to cool to room temperature (RT) and washing three times with PBS (pH 7.4), 188 endogenous peroxidase was blocked by immersion in 3% hydrogen peroxide at RT for 30 min 189 and again washed with PBS. Tissue sections were blocked in 3% BSA at RT for 30 min, then 190 incubated with 1:500 dilution of each primary antibody (anti-dsRNA MAb, anti-SADS-CoV-M 191 pAb or anti-SADS-CoV-AC pAb) overnight at 4 °C. After washing slides three times with PBS 192 (pH 7.4), they were stained with appropriate secondary antibodies labeled with horseradish 193 peroxidase at RT for 50 min. Freshly prepared diaminobenzidine chromogenic reagent was added 194 and counterstained with hematoxylin, then dehydrated and visualized on a light microscope. 195 Spontaneous fluorescence quenching reagent (Wuhan servicebio technology Co., Ltd, 196 Wuhan, China) was added to the tissue sections and incubated for 5 min after antigen retrieval. 197 The sections were then washed in running water, followed with blocking and antibody staining (Table 1) . 286 As some cells did not display CPE after SADS-CoV infection, all cell lines were 287 subsequently tested for viral M protein expression by IFA ( Fig. 1 ), revealing the same range as showing continuous and decent detectable viral RNA (Fig. 3B ). In the large intestine, i.p. 319 infection also resulted in viral RNA loads slightly above the limit of detection at each time point 320 in the ceca, whereas it led to higher viral RNA levels at 1-3 dpi, and much lower viral RNA at 321 21-28 dpi in the colon compared to the p.o. route (Fig. 3C ). However, this replication in the large 322 intestine did not translate into higher shedding, as hardly any viral genomes were detected even 323 at 1 dpi in the fecal samples collected from i.p.-infected mice (Fig. 3F ). On the contrary, 324 significantly more virus was detected in the feces of p.o.-infected mice at 1 and 3 dpi, indicating 325 that i.p. inoculation does not lead to higher virus shedding. 326 Finally, SADS-CoV replicated more efficiently in the spleen following the i.p. route, with 327 significantly higher viral RNA loads at 21 dpi (Fig. 3D ). More importantly, the virus was not 328 cleared from this tissue by 28 dpi in the i.p. and in the margins of the periarteriolar lymphocyte sheath (Fig. 4A ). Staining of tissue sections 344 from mock-infected mice were used as a control (Fig. 4B ). In addition to dsRNA, we also used 345 rabbit pAbs to detect expression of viral structural protein (M) or nonstructural protein 346 (Nsp3-AC). At 3 dpi, anti-M or anti-AC staining was observed in the white pulp around the 347 lymphatic nodules (Fig. 4C) , similar to the localization of dsRNA staining (Fig. 4A ). Tissue Fig. 3) . 353 Next, SADS-CoV infection was quantified in the spleen using flow cytometry. We 354 inoculated B6 wild-type mice with 5×10 5 TCID 50 of virus either i.p. or p.o., and extracted the 355 bulk immune cells from the spleen of infected animals at 3 dpi. The flow cytometry method was 356 first validated in Vero cells infected with SADS-CoV at an MOI of 0.01 followed by staining 357 with pAb against the N or AC protein at 24 hpi (Fig. 4D ). As the anti-AC pAb exhibited optimal 358 intracellular staining for viral signals (Fig. 4D) , it was used to determine the percentage of 359 infected splenocytes. Approximately 1.5-and 2.5-fold increase of total splenocytes were positive 360 for virus replication after p.o. and i.p. inoculation, respectively (Fig. 4E, the left panel; Fig. 4F ), 361 with a significant increase in the total number of AC-positive splenocytes in i.p.-infected mice 362 compared to p.o. (Fig. 4E, the right panel) . This data is consistent with the significantly lower 363 viral loads in the spleen at 1 and 3 dpi in p.o.-inoculated mice (Fig. 3D ), suggesting better virus 364 dissemination and replication and escape from mucosal immune clearance. 365 We then evaluated the growth characteristics of SADS-CoV in splenocytes by assessing 366 antigen production and replication kinetics ex vitro. Splenocytes were first extracted from naïve 367 mice, plated in 100 mm dishes and infected with 1×10 5 TCID 50 of SADS-CoV. We observed 368 clusters of infected cells that appeared to have been engulfed by phagocytes (Fig. 4G , the middle 369 panel), and the structural N protein was shown in the cytoplasm of infected cells by confocal 370 microscopy (Fig. 4G , the middle and right panels). The percentage of infected cells was 371 quantified by flow cytometry using anti-AC pAb, revealing that nearly 2-fold increase of the 372 splenocytes were positive for viral signals (Fig. 4H) , very similar to the percentage of infection were harvested at 0, 12, 24, 48 and 72 hpi. Active viral replication was confirmed, with a 1.5-log 376 time-dependent increase in genomic RNA equivalents, plateauing from 24 to 72 hpi (Fig. 4I) . 377 This data suggests that although only ~2% of splenocytes were infected, these cells supported a (Fig. 5A) . 384 The percentage of infected CD11/c + cells was significantly higher than the other cell subgroups, 385 indicating that DCs are the major targets of SADS-CoV infection in the spleen. 386 The phenotype was further confirmed by double-staining IFA with anti-dsRNA, anti-M or 387 anti-AC antibody plus anti-CD11/c + in splenic sections. As expected, dsRNA staining 388 overlapped with the CD11/c surface marker on the edges of lymphatic follicles (Fig. 5B) , 389 whereas no viral signals were seen in the mock-infected control (Fig. 5C ). Similar patterns of 390 co-staining were detected by M and AC antibodies (Fig. 5D ). To gain insight into the relative 391 quantity of DCs compared to other undefined target cells, cells positive for dsRNA and CD11/c 392 were counted in 10-15 different microscope fields of spleens from 3 infected mice (Fig. 5E ), 393 showing that 61.76% of SADS-CoV-infected cells were DCs (Fig. 5F ). the functional receptor(s) for SADS-CoV is likely to be a very common molecule. In order to test 397 this hypothesis, it was first necessary to find a cell line that was refractory to infection only at the 398 internalization step. MDCK cells, which showed undetectable virus production in early infection 399 tests ( Fig. 1 and Fig. 2) , were chosen as a potential candidate. There are four known types of (Fig. 6A) . 407 Meanwhile, the expression of each receptor in MDCK cells was confirmed by IFA ( Fig. 6A ) and 408 western blot analysis (Fig. 6B) using antibodies against the tags fused to the receptors. As 409 positive controls, we confirmed that lentiviruses pseudotyped with TGEV, SARS-CoV, 410 MERS-CoV or MHV spike (i.e., pseudoviruses) efficiently entered MDCK cells exogenously 411 expressing the respective receptors (Fig. 6C) . 412 Next, we demonstrated that MDCK cells can confer SADS-CoV replication competency by 413 transfection of a SADS-CoV/SeACoV infectious cDNA clone established recently (16), as 414 simultaneous expression of Nsp3-AC and N proteins were clearly detected by IFA (Fig. 6D ). (11). 443 Also, there was a lack of robust viral replication in the intestines during infection, and no tissue 444 damage was detected throughout the intestines (Fig. 3B and 3C) , reflecting the suboptimal 445 infection by SADS-CoV in immunocompetent wild-type mice. On the contrary, the virus had 446 more efficient replication within the spleen, reflected by a continuous detection of viral genomic 447 RNA in the immune cells at all time points over a 28-day period (Fig. 3D) . The phenotype was 448 also consistent with the replication kinetics in extracted splenocytes in vitro, in which viral 449 genomic RNA peaked and plateaued at 72 hpi ( Fig. 4G and 4I ). This data collectively led to 450 speculation that SADS-CoV favors splenic cells over other tissues. The most logical explanation 451 for these tissue-specific discrepancies in virus replication is: i) target cells are more concentrated has been shown to possibly spread via the respiratory route in addition to fecal-oral transmission 461 (30). Therefore, it will be interesting to try intranasal route for inoculation in rats or the other 462 rodent species to mimic SADS-CoV natural transmission in future studies. 463 More interestingly, we identified DCs to be the precise cell population that supported 464 SADS-CoV replication (Fig. 5) . There have been a few reports of immune cell tropism for CoVs. 465 Macrophages are susceptible to MHV infection, representing the largest group of innate immune 466 cells that infiltrate the central nervous system after infection with neurotropic MHV strains (31). causing great nuisance due to feed loss. It is possible that as bats prey on insects near pig 481 facilities, they leave feces containing HKU2-like CoVs that contaminate pig feed, which is then 482 eaten by pig and rodents that subsequently become carriers of SADS-CoV. Rats and mice are 483 increasingly implicated as external vectors for a wide range of different pig pathogens, such as L. 484 intracellularis (36). Rodents not only spread pathogens, but also harm the practitioners of the 485 swine industry, as they are thought to be the major source of leptospirosis in pigs and piggery 486 workers (37). Future study on identifying SADS-CoV-positive samples in rodents near pig farms 487 are warranted to test this hypothesis. 488 In addition to rodents, we also measured the SADS-CoV susceptibility of cell lines from 489 humans, monkeys, chickens and dogs, revealing a remarkably broad spectrum of tropism (Table   490 1 and Fig. 1) . As for the ability of SADS-CoV to grow efficiently in human cell lines, we should 491 not underestimate the risk that this bat-origin CoV may 'jump' from pigs to humans. It is 492 noteworthy that camel workers with high rates of exposure to camel nasal and oral secretions had 
